The cortex-medulla growth pattern of oocytes in the developing ovary is formed by a rim of small nongrowing oocytes at the periphery and growing oocytes at the inner part of the cortex and in the medulla. In this study we aimed to: (i) develop an in-vitro model using fetal mouse ovaries to evaluate when the cortexmedulla growth pattern is organized during ovarian differentiation; and (ii) study the interaction between small, non-growing and growing oocytes. Fetal mouse ovaries of days 11, 13 and 16 post coitus (E11, E13 and E16) were cultured for 14, 12 and 9 days respectively, corresponding to post-partum day 7 (P7). A cortexmedulla growth pattern had developed by P7 in most ovaries from E16 and in half of those from E13. No ovaries from E11 developed a cortex-medulla pattern. The organization of this pattern within the ovary is concurrent with the initiation of meiosis. Ovaries with a cortex-medulla growth pattern had the same number of growing follicles (~87), regardless of the number of small, non-growing oocytes present. In contrast, in most ovaries without a cortex-medulla pattern, almost all oocytes began to grow. Hence, the geographically determined growth pattern of oocytes in the developing mouse ovary may be organized at the onset of meiosis and is sustained by a balanced interaction between small and growing follicles.
Introduction
The onset of oocyte growth in the mammalian ovary follows a geographically determined pattern, in which the first oocytes to grow are situated at the inner part of the cortex. These oocytes also enter and finish the transitory stages of the meiotic prophase first. Gradually the more peripherally situated oocytes begin to grow (Peters, 1969b) . Although these phenomena have been known for a century, the mechanisms which control meiotic initiation and the onset of oocyte growth are unknown (for review, see Peters and McNatty, 1980) . Krarup et al. (1969) suggested that the number of growing follicles was inversely correlated with the number of small, non-growing follicles. In other words, the size of the pool of small follicles controls the initiation of follicular growth; the larger the pool, the smaller the relative number of growing follicles. Henderson and Edwards (1968) proposed the 'production line hypothesis' which suggested that oocytes receive an imprint when entering meiosis: the centrally situated oocytes which enter meiosis first, are also the first to ovulate, whereas the peripherally situated oocytes enter meiosis later and also ovulate later, i.e. the 'first in, first out; last in, last out' postulate. This hypothesis, which predicts that the quality of the ovulating oocytes changes with age, has since been studied and discussed extensively (Tease and Fisher, 1989) . However, if the production line hypothesis is correct it infers that a growth pattern is organized within the ovary concurrently with the initiation of meiosis and that this organization is retained throughout life.
The aim of this study was to develop an in-vitro model to ascertain when the geographically determined growth pattern of oocytes is organized and whether the number of small nongrowing oocytes interacts with the number of oocytes which begins to grow.
Materials and methods

Animals
F 1 fetuses of the mouse strain B6D2 (C57B1ϫDBA/25) were removed on day 11, 13 and 16 post-coitus, i.e. E11, E13, E16. The morning when the copulatory plug was found was defined as day 0 postcoitus. The more precise age of the fetus was determined by the form and size of the hind leg (Rugh, 1968) . The sex of each fetus was determined by staining the amnion with orcein and screening for the presence of Barr bodies.
Ovaries
The following ovaries were obtained: (i) E11 ovaries with (ϭm; n ϭ 9) and without (-m; n ϭ 9) the attached mesonephros, i.e. a total of 18; (ii) 10 E13 ovaries from which the mesonephros was removed before culturing; (iii) 16 E16 ovaries from which the mesonephros was removed before culturing; (iv) ovaries from newborn and 7 day old mice.
Cultures
Explants from ovaries ϩm and -m were cultured in 4-well Multidishes (Nunc, Copenhagen, Denmark) in 0.5 ml minimum essential medium (MEM) supplemented with 2 fetal calf serum, 100 IU penicillin, 100 µg streptomycin/ml and 20 mM glutamine (Flow Laboratories, Irvine, UK). The culture medium was changed every 3rd or 4th day.
E11, E13 and E16 ovaries were cultured for 14, 12 and 9 days respectively. As the B6D2 mouse strain has a gestation period of 18 days, the cultures were terminated when they corresponded to postpartum day 7, i.e. P7, the day of birth being P1.
Handling of tissues, counting and measurements
The diameters of the five largest oocytes in each culture were measured every second day from P1 to P7 using an inverted microscope equipped with differential interference contrast. By P7 all cultures were photographed and the total number of oocytes and those measuring ജ35 µm, i.e. growing oocytes, were counted. Moreover, some explants were photographed every other day from the beginning of the culture period.
Finally, six pairs of ovaries from P1 and six pairs from P7 mice were removed and transferred to MEM. The oocytes were released by puncturing the ovaries with fine needles and the diameters of the five largest oocytes were measured.
Statistical analysis
The diameters of growing oocytes from the different groups were compared statistically using Student's t-test. Correlations between growing and small non-growing oocytes were examined by least square linear regression analysis. Results are expressed as mean Ϯ SEM.
Results
All explants attached to the bottom of the culture dishes with fibroblasts radiating out from the ovarian tissue ( Figures  2A,3A) . Small oocytes were recognized from P1 in all cultures making it possible to follow the growth pattern of individual oocytes from P1 to P7. Three characteristic growth patterns were noticed in the cultured ovaries: (i) a characteristic in-vivo cortex-medulla (CM) growth pattern, with small oocytes forming a peripheral cortex and growing oocytes in the medulla; (ii) a random mixture of small and growing oocytes without a CM pattern; (iii) was seen only in explants from E11 ovaries -m. The oocytes were crowded together with very few somatic cells with the largest oocytes outermost ( Figure  1A ). Very little oocyte growth took place in these cultures, even when the culture period was extended by 14 days. These explants are described as exhibiting 'frozen growth'.
Throughout the observation period, all E11 explants were much smaller than those taken from older fetuses. By P7 the morphologies of ovaries -m and ϩm from E11 differed from one another. All ovaries -m developed 'frozen growth'. In ovaries ϩm the growing and small oocytes were in disarray in the flattened tissue and all lacked a CM growth pattern by P7 ( Figure 1B ). As stated above only E11 ovaries were studied with and without the mesonephros. Previous experiments have shown that older ovaries ϩm become rounded in culture whereby the thickness of the tissue prevents direct examination of most of the oocytes.
Five of the 10 ovaries from E13 and two of the 16 ovaries from E16 exhibited no CM pattern. Small and large oocytes were mixed randomly with a relatively large number of somatic cells ( Figure 2A ). The other E13 and E16 explants all developed a CM growth pattern. The number of growing oocytes in the 796 medulla, which also contained a large number of somatic cells, increased from P1 to P7. By P7 the characteristic ovarian CM pattern with small oocytes in the peripheral cortex and growing oocytes in the central medulla had developed ( Figure 3A) . Groups of 10-20 small oocytes were often found in the cortex ( Figure 3B ). Most oocytes, small and growing, were completely covered with somatic cells (Figure 2B ,C). However, at the upper surface of the explants, a small number of oocytes of all sizes were partly or completely naked. They seemed to escape into the culture medium where they were seen floating around. All growing oocytes developed a zona pellucida ( Figures 2B, 3B) .
By comparing the photographs of the cultures taken every second day, it was clear that after having flattened out within the first 2 days, very little rearrangement took place in the tissue. The main changes that occured between P1 and P7 were oocyte growth, somatic cell proliferation and the disappearance of some oocytes. It was not established whether oocyte disappearance followed a certain pattern.
By P1 the mean diameter of the five largest oocytes from E11, E13 and E16 did not differ from each other and was 20.1-20.4 µm, which is significantly larger than the average diameter of freshly harvested oocytes from P1, 18.0 Ϯ 0.2 µm. During the last week of culture the mean value of the five largest oocytes in all explants gradually increased. By P7 the oocytes from E13 and E16 were almost the same size, 57.2 Ϯ 1.4 and 54.7 Ϯ 1.0 µm in diameter respectively, and a little larger when compared with freshly harvested oocytes from P7 ovaries, 52.4 Ϯ 0.8 µm. The oocytes from E11, 45.2 Ϯ 0.8 µm in diameter, were smallest (P Ͻ 0.01) (Figure 4 ).
At P7 the mean total number of oocytes in E11 ovaries was 84 Ϯ 23, which is significantly less than in E13 ovaries (349 Ϯ 72) and in E16 ovaries (612 Ϯ 46) (P Ͻ 0.05).
The number of growing oocytes and the fraction of growing oocytes per total number of oocytes differed between ovaries from E11, E13 and E16 ( Figure 5 ). In two groups 70-100% of the oocytes grew, comprising all ovaries from E11 ϩm and the five ovaries without the CM pattern from E13. In two ovaries without the CM pattern from E16, 30 and 50% of the oocytes grew. There was a clear correlation between the total number of oocytes and the number of growing oocytes in ovaries without a CM pattern from E11 and E13 (R 2 ϭ 0.9955). In the group of ovaries with a CM pattern from E13 and in all ovaries with a CM pattern from E16 only 9-27% of the oocytes grew. The number of growing oocytes in these cultures lay was 60-139 (87Ϯ 6; mean value Ϯ SEM), and there was no correlation between the total number (300-900) and the number of growing oocytes (R 2 ϭ 0.0079).
Discussion
Cortex-medulla pattern
The present results show for the first time that the cortexmedulla growth pattern of oocytes is organized around the time when meiosis begins in the fetal mouse ovary. In the mouse ovary the first germ cells enter meiosis early on E13, and the last ones late on E16 (Peters et al., 1962; 1970). Most ovaries cultured from and after E13, developed a CM pattern, whereas none of the ovaries from E11 did.
The CM growth pattern of the ovary begins to organize around E13 and is fully activated after E16. The CM pattern of the cultures can clearly be observed after P1 which corresponds closely to the in-vivo situation . Thus, the ovarian CM pattern seems to arise concurrently with the beginning of meiosis. Perhaps the organization of the characteristic CM growth pattern within the ovary is related to the meiotic process, as suggested in the production line hypothesis (Henderson and Edwards, 1968) . This hypothesis is obviously based upon the assumption that once the oocytes have entered meiosis they cannot move around within the ovarian tissue. In the present explants only slight rearrangement 797 seems to have taken place after the tissue had flattened out after a couple of days in culture.
The CM growth pattern established before birth is, however, not fixed and rigid. This was demonstrated by Gosden (1990) in an elegant experiment: Small follicles were separated individually from mouse ovaries on P6 to P8, scrambled together again into one clump of tissue and grafted into the ovarian bursa of sterilized female mice. The characteristic medulla-cortex pattern was able to develop if there was a sufficiently large number of oocytes, and the mouse became fertile. The causal relationship between the number of oocytes and the CM pattern was, however, not discussed in that study. In spite of the fact that these follicles were randomly scrambled, a 'new' CM growth pattern developed. Thus the CM growth The diameters of the five largest oocytes from ovarian explants from E11, E13 and E16 and from freshly harvested oocytes, P1 and P7. The mean diameter of the oocytes from the ovarian explants equivalent to P1 is slightly larger than that of the freshly harvested oocytes (P Ͻ 0.05). On P3, P5 and P7 only oocytes from E11 differ from other oocytes, being significantly smaller (P Ͻ 0.01).
pattern is re-established with a new order of the production line. This re-establishment seems to be dependent on the presence of a sufficiently large number of small oocytes.
Total number of oocytes and growing ones
Almost all explants which developed a CM pattern were characterized by having roughly the same number of growing oocytes (60-139), regardless of the total number of oocytes present. The number of growing oocytes in these ovaries is 798 Figure 5 . The total number of oocytes and the number of growing oocytes ജ35 µm in diameter in the ovarian explants on P7. The total number of oocytes and the number of growing oocytes are closely correlated in explants from E11 and E13, in which no cortex-medulla (CM) pattern is developed (R 2 ϭ 0.9955). The number of growing oocytes in explants with a CM growth pattern is the same, regardless of the total number of oocytes. The number of growing follicles is not correlated with the total number of follicles (R 2 ϭ 0.0079). Two explants from E16 had no CM pattern (*) but still had a much lower fraction of growing oocytes per total number of oocytes than was found in explants from E11 and E13 without CM patterns. comparable with that found in the in-vivo mouse ovary on day 6 (115) (Peters et al., 1973) and day 7 (140) (Pedersen, 1969) . In contrast, the number of growing oocytes in ovaries from E11 and E13 without a CM pattern ranged from 5 to 330. In fact, almost all oocytes were growing by the end of the culture period in the ovaries without a CM pattern from E11 and E13.
With only one exception, the creation of the CM growth pattern occurred in explants which contained Ͼ300 oocytes. One ovary from E13 had 350 oocytes of which almost all grew by P7 but did not develop a CM growth pattern. It appears that the development of the CM pattern is not only dependent on a critical minimum of small oocytes, but on an age related in-vivo organization of the developing ovary as well.
It has been suggested that the number of growing follicles is inversely correlated with the number of small oocytes/ follicles in the mouse ovary: A decrease in the pool causes a larger fraction of follicles to commence growth (Krarup et al., 1969) . In the human ovary, follicular entry into the growth phase seems to become accelerated towards the menopause as the pool of small, non-growing follicles decreases (Gougeon and Chainy, 1987; Faddy et al., 1992; Faddy and Gosden, 1995) . This effect will accelerate the depletion of oocytes from the ageing ovary (for review, see Gougeon, 1996) . A similar relationship was also seen in rats whose ovaries were depleted of small oocytes by treatment with busulphan, suggesting that 'the number of follicles entering the growing pool is constant over time' and may not depend on the pool of small oocytes (Hirshfield, 1994) . Although our data cover only a short period of development and are based on an in-vitro study, they support Hirshfield's suggestion for follicular growth; the number of oocytes that begin to grow is unrelated to the number of small oocytes, as long as the ovary contains more than a certain minimal number of small oocytes.
Loss of oocytes
A large number of oocytes were lost from all explants during the culture period, an observation often made in cultures of fetal gonads (Prepin and Hida, 1989; Charpentier and Magre, 1990; Tavendale et al., 1992) . It has been pointed out that the developing germ cells of the fetal mammalian ovary are particularly sensitive to destruction during mitotic proliferation and when passing through meiosis (Peters, 1969a; Baker, 1971; Burgoyne and Baker, 1985) . The small number of oocytes in cultures from E11 may be due either to a selective destruction of the proliferating oogonia or to the lack of support of this proliferation, which mainly takes place before E13 (Peters and Crone, 1967) . The gonads from E13 and in particular from E16 are already equipped with a large number of germ cells. It seems that the proliferation of germ cells within the gonad depends on factors which are not present in the gonadal anlage itself by E11, or at least are not expressed in the tissue when cultured. It would be interesting to see whether the addition of certain factors, steel factor or stem cell factor (SF) (Dolci et al., 1991) , leukaemia inhibitory factor (LIF) (Godin et al., 1991) and basic fibroblast growth factor (bFGF) (Donovan, 1994) , which support survival and proliferation of primordial germ cells in culture could rescue the germ cells and support the ovarian CM growth pattern in E11 and E13 ovaries.
Role of mesonephros
The age or developmental correlation of the ovary with the CM organization is clearly visualized in the explants from E11, with and without mesonephros, and from E13. The explants from E11 ϩm grew much better than those from E11 -m. The inhibited oocyte growth in E11 -m may be due to too few supporting somatic cells, which in turn may be due to the lack of cellular support after removal of mesonephric tissue. The lack of CM organization in the explants from E11 799 ϩm and in half of those from E13 implies that certain regulatory mechanisms are not yet built into the ovarian anlage. We suggest that the lack of the CM growth pattern in ovarian cultures from E11 and E13 signifies abnormal development in the in-vitro cultures in which we may have failed to reproduce systemic influences.
With respect to oocyte growth, the explants from E11 also appeared to lack sufficient supporting substances (growth factors or cells) since the oocytes, although growing, never reached the same size as oocytes from the older fetuses. The mesonephros stimulates the progression of oocytes through meiosis in cultured mouse ovaries from E13 (Nikitin and Byskov, 1981) and in cultured hamster ovaries from E12 (Fajer et al., 1979) , suggesting that this organ provides the ovary with certain unique germ cell growth factors. However, other studies failed to show any effect of the mesonephros on oocyte development (McLaren and Bühr, 1990) . We propose that the first germ cells to enter meiosis, i.e. the centrally situated ones, are readily supported by plenty of somatic cells, perhaps from the mesonephros, which may provide important growth factors and trigger oocyte growth. A sufficiently large number of such cells are already present in half of the ovaries from E13 and in almost all ovaries from E16. The peripherally situated germ cells entering meiosis later are provided with only few somatic cells and growth factors and will remain close to each other for an extended period of time. The already growing follicles of the inner part of the cortex are able to exert growth inhibition on the small follicles. When the growing follicles either become larger or die, a number of small follicles can start to grow.
Based on these results we suggest that a certain number of growing follicles interact with the pool of non-growing follicles and control the size of the limited number which can escape into the growth phase. This interaction is only stable if the pool of small, non-growing follicles is large enough. Recent in-vitro studies have shown that one of two equally sized preantral growing mouse follicles, cultured in physical contact, will develop dominance over the other (Spears et al., 1996) . Removing the dominant follicle from the pair resulted in a growth spurt by the previously suppressed follicle. It thus seems that growing follicles can exert growth inhibition on each other when in contact.
In conclusion, we suggest that: (i) the cortex-medulla growth pattern of oocytes in the developing mouse ovary is organized concurrently with the initiation of meiosis and is sustained by a balanced interaction between small and growing follicles; (ii) the number of follicles which start to grow is unrelated to the number of small follicles if this number exceeds a certain minimum; (iii) the mesonephros supplies the centrally situated oogonia/oocytes with somatic cells, providing growth factors which trigger meiosis and support oocyte growth.
